The nucleoprotein (NP) of influenza A virus plays a crucial role in virus replication, infectivity, and host adaptation. As a major component of the viral ribonucleoprotein complexes (vRNP), NP initiates vRNP shuttling between the nucleus and cytoplasm in the host cell. However, the characteristics of the nucleocytoplasmic shuttling of NP from H1N1 influenza A virus still remain unclear. In the present study, the subcellular localization and the related key residues of the 
Influenza A virus (IAV) is widely distributed in many animal hosts, including birds, pigs, and humans (Kuiken et al., 2006 , Taubenberger & Kash, 2010 . The influenza viruses pose an imminent risk to humans due to their ability to cross species barriers, as seen with the 2009 H1N1 influenza virus pandemic (Garten et al., 2009 , Neumann, Noda, & Kawaoka, 2009 ), sporadic H5N1 transmissions, and the emergence of the novel avian-origin H7N9 influenza virus (Wang et al., 2008 . IAVs belong to the Orthomyxoviridae family, which includes viruses with eight segmented, negative sense, single-stranded RNA genomes (Lamb & Choppin, 1983) . The genomic RNA segments are always found in association with multiple viral nucleoprotein (NP) monomers and a single trimeric polymerase complex (composed of PA, PB1, and PB2), forming the viral ribonucleoprotein (vRNP) complex (Webster & Bean, 1978 , Coloma et al., 2009 , Arranz et al., 2012 , Moeller, Kirchdoerfer, Potter, Carragher, & Wilson, 2012 .
Influenza A viruses transcribe and replicate their eight negativesense viral RNA (vRNA) segments in the nuclei of infected cells (Klumpp, Ruigrok, & Baudin, 1997 , Marklund, Ye, Dong, Tao, & Krug, 2012 , Paterson & Fodor, 2012 , Eisfeld, Neumann, & Kawaoka, 2015 .
Following IAV entry into cells and upon fusion of the viral membrane with the endosomal membrane, vRNPs are released from endosomes and then transported into the nucleus, where they function as templates for viral genome transcription and replication. Although each virion-associated vRNP includes only a single trimeric polymerase complex, multiple NP subunits are present, which could provide several nuclear localization signal (NLS) motifs to promote nuclear import (Boulo, Akarsu, Ruigrok, & Baudin, 2007) . Upon entering the nucleus, the vRNPs begin a primary round of transcription, producing viral mRNAs that are translated by cellular ribosomes (Eisfeld et al., 2015) .
In contrast, the influenza virus genome is replicated in a primer-independent manner to generate full-length vRNA through cRNA synthesis (Kawaguchi & Nagata, 2007) . The replication of the viral genome requires encapsidation of nascent vRNAs into vRNPs. Therefore, newly synthesized proteins required for the vRNPs must be transported into the nuclei of the host cells (Watanabe, Watanabe, & Kawaoka, 2010) . All four vRNP components are reported to contain NLS motifs and enter the nucleus either alone (for NP and PB2) or in a complex (for PB1 and PA) (Eisfeld et al., 2015) .
Nucleoprotein is the major protein in the vRNP complex and the key factor for vRNP nuclear import (Wu, Weaver, & Pante, 2007) . Its NLS and nuclear export signal (NES) are required to regulate the nucleocytoplasmic shuttling of NP protein . Two NP NLSs and one nuclear accumulation signal (NAS) have been identified (Ye, Krug, & Tao, 2006 . The stronger NLS is a nonconventional NLS within the first 13 residues of the N-terminus, and a classical bipartite NLS is located between residues 198 and 216 (Ozawa et al., 2007 , Li, Yu, Zheng, & Liu, 2015 . The NAS (spanning residues 327-345) acts as nuclear accumulation signal in mammalian cells (Davey, Dimmock, & Colman, 1985) . The nuclear import pathway of different polymerase subunits depends on the importin-α/β dimer transport system; importin-α binds to NP through recognition of its NLSs (Gabriel, Herwig, & Klenk, 2008) . NP also interacts with the nuclear export receptor CRM1 (Chromosome region maintenance 1), leading to vRNP complex export (Elton et al., 2001 , Gao et al., 2014 .
The NP of the WSN strain contains a CRM1-dependent NES and two CRM1-independent NESs, which are crucial for nuclear export . Aside from playing a fundamental role in nucleocytoplasmic shuffling, the NP also significantly contributes to viral replication and the host range of influenza viruses (Zimmermann, Manz, Haller, Schwemmle, & Kochs, 2011 , Tripathi et al., 2013 .
Here, we compared the subcellular localization of NPs from H1N1, H9N2, and highly homologous H7N9 strains. Furthermore, we determined the biological functions of the key amino acids in NP protein required for NP nuclear transport and viral replication in several cell lines from different organisms, as well as pathogenicity in a mouse model. Our results revealed that mutations of amino acid sequence position 253 of NP lead to the disparate cellular localizations in H7N9 AH virus and H1N1 WSN virus, and mutation of this site in WSN NP resulted in a differential virus replication rate compared to the wild type (WT) WSN strain. We also elucidated the specific nuclear import and export pathways of IAV WSN NP, which may impact the host tropism of these influenza viruses.
| ETHICS STATEMENT
The mouse experimental design and protocols used in this study were of immunofluorescence microscopy showed that the NP of the SD, AH, and CA viruses had a more obvious cytoplasmic distribution, with the AH NP being exported to the cytoplasm at 4 hr p.i. At 8 hr p.i., nearly all of the NP from the SD, AH, and CA viruses was located in the cytoplasm. However, the NPs of WSN and PR8 tended to accumulate in the nucleus, with obvious nuclear export beginning at 10 hr p.i. (Figure 1a ).
To confirm the observations in virus-infected cells, 293 T cells were transfected with plasmids encoding WSN-NP or AH-NP. As indicated in Figure 1 , the cellular distribution of NP displayed a similar pattern to that seen with viral infection conditions. In contrast to the nuclear aggregation of WSN-NP before 14 hr p.t., AH-NP began to display cytoplasmic aggregation before 10 h p.t. (Figure 1b ). In addition, the results of nuclear and cytoplasmic fractionation experiments also strongly demonstrate the obvious cytoplasmic distribution of NP in AH, SD, and CA viruses (Figure 1c ). These results indicated that the NPs from IAV H1N1 CA, H9N2 SD, and H7N9 AH have temporal cellular localization patterns that are distinct from that of H1N1 WSN and PR8, displaying a tendency to accumulate earlier in the cytoplasm. paraformaldehyde. Then, they were treated with a polyclonal antibody against NP and a secondary antibody labeled, mounted with DAPI-containing medium, and visualized by confocal scanning microscopy. (b) 293 T cells were transfected with plasmid pcDNA4.0/TO-WSN-NP or pcDNA4.0/TO-AH-NP. From 8 to 16 hr p.t., the cells were fixed every 2 hr and followed by staining with a polyclonal antibody against NP and secondary antibody labeled with TRITC and DAPI. Images representing the entire population are shown. (c) 293 T cells were infected with WSN, PR8, SD, AH, and CA viruses at a MOI of 0.1 and harvested at 10 hr p.i. The cells were separated into the nuclear fraction ("N") and cytoplasmic fraction ("C"). Each fraction was examined by Western blotting, and an anti-NP antibody was used for protein detection. The protein concentrations of the nuclear and cytoplasmic fractions in each group were assessed using a BCA protein quantitation kit. After quantification, 20 μg total protein from both fractions was loaded onto the gel for subsequent Western blot assays. The relative density of the depicted bands in the upper panel is also displayed. NPs in nucleus (cytoplasm) of each group were normalized to total NPs 3.2 | Residues 4 and 253 of NP, located in NLS1 and NES3, respectively, are disparate among H1N1 and other influenza A virus strains.
To identify the potential residues that regulate the cellular localization of NP among different viruses, we analyzed the sequence homology of the NLSs and NESs from NPs of different subtypes of IAV. The amino acid residues at positions 4 and 253 displayed differences (Figure 2a ).
Further sequence analysis revealed that NP K4 is a specific characteristic of mammalian IAV H1N1. In addition, F253 only exists in mammalian-origin IAV H1N1 NP (Tables 1 and 2 ). The location of residue 253 in the three-dimensional structure of different NPs was analyzed using PyMOL. A putative structure of the NP from H7N9 AH was generated by homology modeling. Interestingly, the H7N9 AH NP lacks a benzene ring on residue 253, which is seen in H1N1 WSN (Figure 2b ). It has been reported that nuclear export via NES3 of H1N1 WSN is CRM1 dependent and that NES3 functions by interacting with CRM1 . We hypothesized that the absence of the benzene ring on residue 253 of H7N9 AH NP may enhance the binding between NP and CRM1 by decreasing the steric hindrance of these two proteins, leading to altered NP nuclear export.
3.3 | Residues 4 and 253 regulate the subcellular localization of NP in different virus strains.
To explore whether residues 4 and 253 affect the cellular localization of NP, we constructed WSN-NP-DM (K4Q/F253I double mutation) and AH-NP-DM (Q4K/I253F double mutation) plasmids. The WT and mutated WSN-NPs were overexpressed in 293 T cells. At 8, 10, 12, 14, and 16 hr p.t., the cells were fixed with 4% paraformaldehyde and then used for IFAs. Figure 3a shows the distribution of WSN-NP-WT and WSN-NP-DM at different time points after transfection.
Compared to the nuclear aggregation of WSN-NP-WT, WSN-NP-DM displayed a significant increase in nuclear export from 10 hr p.t.
onward. At 14 hr p.t., nearly all NP accumulated in the cytoplasm. In contrast to WSN, the mutation of residues 4 and 253 in AH-NP decreased the nuclear export of the protein (Figure 3b ). Because the newly synthesized cytoplasmic NP protein might disturb the fluorescence signal of NP exported into cytoplasm, the transfected cells were treated with CHX to shutoff the cellular expression system to exclude this possibility ( Figure S1 ). However, we did not find apparent differences between CHX-treated group and -untreated groups for NP localization. To quantitatively asses this effect, we analyzed the The three dimensional structure of 253 was analyzed by PyMOL. The AH strain NP structure was generated by homology modeling. Compared to WSN-NP, AH-NP lacks a benzene ring on residue 253 (red), which is located in NES3 (yellow) . Differences between each group and the WT were assessed using student's t tests All residue 253 mutants displayed no differences (Figure 4c ). The data indicate that the WSN-NP-K4Q mutant had a weaker interaction with the importin-α5 and 7 isoforms (Figure 4d ). The specific interaction of the polymerase subunit PB2 and the NP of mammalian viruses with importin-α1/7 regulates the efficacy of viral replication (Gabriel et al., 2008 , Gabriel et al., 2011 , Hudjetz & Gabriel, 2012 , Resa-Infante et al., 2015 . Therefore, an alteration in the interaction between NP and importin-α7 may influence the host adaptation of the mutant virus. The IP assay of CA-NPs and FLAG-importin-α5
has also been performed, and we found that mutations on site Q4
into K enhanced the binding affinity between CA-NP and importin-α5 ( Figure S3 ). These results suggest that NP residue Q4
inhibits nuclear import by reducing the ability of NP to bind to different isoforms of importin-α.
3.5 | NP residue I253 promotes nuclear export by enhancing the ability of NP binding to CRM1.
We used similar assays as those above to identify the effect of residue 253 on the cellular localization of NP. All residue 4 mutants had no effect on binding to CRM1 (Figure 5c ).
Notably, in all IP assays performed, WSN-NP-F253I and AH-NP-I253F mutants did not alter the interaction of NP and FLAG-importin-α, and similarly, the WSN-NP-K4Q and AH-NP-Q4K mutants did not impact the binding between NP and FLAG-CRM1. Therefore, we could exclude the possibility of attenuated nuclear import by Site 253 mutations and retarded export caused by Site 4 mutations through these IP data.
We also performed IP assay of CA-NPs and FLAG-CRM1, and the data displayed that CA-NP-I253F and CA-NP-DM decreased the binding affinity between CA-NP and CRM1 ( Figure S3 ).
| Residues 253 modulates influenza A virus replication
Because NP is a major component of vRNPs and contributes to RNAdependent RNA polymerase activity, we tested whether polymerase activity was affected by NP nuclear export. We studied the effect of 3.7 | Effect of NP residue I253 on virus pathogenicity in mice.
To further determine whether the F253I mutant virus presents differences in pathogenicity compared to WT virus, we utilized a mouse model. In mock-infected mice, no loss of body weight was observed.
In 10 2 and 10 3 PFU. F253I virus-infected mice had a slight peak of weight loss at Days 5 and 8 p.i., and 25% and 75% lethality were 
| DISCUSSION
Unlike most negative-strand RNA viruses, IAV require a functional nuclear transport system for nucleocytoplasmic transport of their .0/TO-AH-NP-I253F, or pcDNA4.0/TO-AH-NP-DM, respectively, and co-immunoprecipitation assays (co-IPs) were performed as described in the Materials and Methods. FLAG-CRM1 and Myc-NP were detected by Western blotting using anti-FLAG and anti-NP antibodies. Equal amounts of protein (30 μg) were loaded per lane. The "input" results show 1/15 of the total protein included in each binding reaction. β-actin served as a loading control. The relative density (lower panel) was calculated from the data of the depicted blots in the upper panel. The Myc-NP density of was normalized with corresponding FLAG-labeled protein in IP result. Each experiment has been repeated three times. SD value represents the deviation for these three biological replicas vRNP complexes for viral RNA replication/transcription activity and assembly of virus particles . NP is involved in vRNP shuttling via its two NLSs and three NESs and is involved in determining the efficiency of viral infection and host adaptation (Boivin & Hart, 2011 , Gabriel et al., 2011 , Eisfeld et al., 2015 . In the present study, we compared the pathways taken by NP to achieve nucleocytoplasmic localization in two IAV strains from different origins. We clearly demonstrated the characteristics of H1N1 influenza virus NP and the mechanisms responsible for the differential cell distribution of the H1N1 influenza virus.
The NLSs are essential for both NP import and polymerase activity. Because the basic amino acids in the NLS would likely be better recognized by importin-α than any other type of amino acid, residue K4 of NP in the WSN strain led to more substantial interaction of NP with importin-α than Q4 in the AH strain, especially with importin-α7, which is required by the NP of mammalian-tropism virus (Gabriel et al., 2011) . NP residue 319 also plays a significant role in determining the host range of influenza virus (Gabriel et al., 2008 ).
Here, a novel candidate for determining the host adaptation of influenza viruses was elucidated. The NP K4Q mutant in the WSN All polymerase complex component plasmids were co-transfected alongside a reporter plasmid that contains noncoding sequence from the NS segment of influenza A virus flanking the firefly luciferase gene (present in negative sense orientation), which was driven by the PolI promoter in the 293 T cell line. The effect of the mutations on replication/transcription in terms of the luciferase activity of vRNPs was detected at 30 hr p.t. and compared to cells transfected with WT NP. Plasmid PCMV-β-gal, which expresses β-gal, was cotransfected as an internal control for data normalization. The expression levels of WT-NP and its NP mutants were analyzed by western blotting. Error bars represent the standard error of the mean from replicate samples (n ≥ 3). Differences between each group and the WT were assessed using t tests. Symbol * represent "p < 0.05", ** represent "p < 0.01". (b) 293 T cells were cotransfected with 12 plasmids for WSN virus rescue. Plasmids carrying the WSN NP WT, F253I, K4Q, or DM gene were investigated. At 72 hr p.t., cells were harvested for western blot analysis, and the culture supernatants were harvested and used to infect MDCK cells. The harvested cells were used to detect the protein levels of NP and M1 using anti-NP and anti-M1 antibodies by western blotting. The blots were also probed with an anti-β-actin antibody as a loading control. (c) MDCK cells were infected with supernatants, and plaque assays were performed to detect the virus titers of the generated WSN WT virus or mutant viruses at 96 hr p.i. ND, plaques were not detected. (d) A549, MDCK, and DF-1 cells were infected at a MOI of 0.001 with WSN WT and F253I mutant influenza virus. At the indicated time points, titers of the viruses in the culture supernatants were determined by plaque assays on MDCK cells. Error bars represent the standard error of the mean from replicate samples (n ≥ 3). Differences between groups were assessed using Student's t tests strain exhibited reduced binding to importin-α5 and importin-α7, as well as reduced nuclear distribution. However, this mutant virus also exhibited increased polymerase activity. Moreover, the NP Q4K mutant in the AH virus displayed the reverse effect. It seems that there is no causal relationship between RNA polymerase activity of the vRNP complex and the nuclear retention in NP mutants. We know that vRNPs only function as polymerase while staying in the nucleus. However, our finding that the K4Q mutation caused increased polymerase activity but decreased nuclear distribution appeared to be inconsistent with this fact. Actually, in our previous study, we also noticed a similar phenomenon caused by another single mutation of NP: E-mutation of phosphorylation site Y296. We found that the Y296E mutation led to enhanced nuclear accumulation and reduced polymerase activity . Therefore, we postulate that there may be no causal relationship between RNA polymerase activity and nuclear retention in NP mutants in the present research. The boosted PFU.-infected group were euthanized on DSays 1, 3, 5, and 7 p.i. for lung (e) and turbinate bone (f) virus titration and necropsy examination. The virus titer in both tissues was tested by plaque assay and normalized to the tissue weight. Statistically significant differences between groups were determined using the Student's t test. p < 0.05 was considered statistically significant polymerase activity might be attributable to other reasons, that is, reduced NP-RNA binding affinity or NP-PB2/PB1/NP interaction caused by K4Q mutation. Notably, there were no differences between WT NP and K4Q mutants in importin-α1 and importin-α3 binding, meaning that avian-tropism strains could still be imported into the nucleus in the absence of importin-α5 and importin-α7 binding. This finding of reduced importin-α7 affinity by the K4Q mutation is relevant to previous studies demonstrating that the D701N mutation in PB2 and N319 K mutation in NP result in the switch from importin-α3 specificity of avian influenza virus to importin-α7 specificity of mammalian influenza virus (Gabriel et al., 2008 , Gabriel et al., 2011 . which is in accordance with our hypothesis ( Figure S4 ).
It has been reported that influenza virus can overcome species barriers by crossing two membranes to adapt to a new host species, that is, using HA to interact with cell surface-specific receptors to pass through the cell membrane and acquiring adaptive mutations in PB2
and NP for interactions with importin-α isoforms to enter the cellular nuclear membrane of different species for viral genome replication and transcription (Gabriel et al., 2008 , Gabriel et al., 2011 , Mänz, Schwemmle, & Brunotte, 2013 . These two processes are referred to as virus absorption and nuclear import of vRNP. We also hypothesized that a third membrane crossing event is required for host adaptation, named, nuclear export. Here, we first present evidence that NP cytoplasmic shuttling may contribute to the export of vRNP complexes.
The vRNP complex is exported into the cytoplasm by forming a NEP-M1-vRNP complex driven through the CRM1-dependent transport pathway, which could be also recognized by NES3 of NP ( A rabbit polyclonal antibody against NP and mouse monoclonal antibody against M1 were obtained by immunizing animals with hexahistidine-tagged NP and M1 as previously described (Koestler, Rieman, Muirhead, Greig, & Poste, 1984 , Wang et al., 2011 ). An anti-β-actin monoclonal antibody (Cat. sc-130300) and anti-c-Myc 
| Plasmids and reagents
The NM_012316) were generated by cloning into the pcDNA3-FLAG vector as previously described . In these plasmids, the FLAG tag was conjugated to the N-terminus of CRM1 and the importin proteins.
For luciferase assays, the PA, PB1, PB2, and NP (WT or mutants)
genes were cloned into the pCDNA4/TO plasmid; the internal reference β-galactosidase (β-gal) was cloned into the pCDNA3 plasmid (CMV promoter). The pHH21-cNS-Luc plasmid was generated by cloning the cRNA promoter of NS with luciferase into pHH21 as previously described . All constructs were verified by DNA sequencing. The oligonucleotide sequences and detailed protocols used in cloning and site-directed mutagenesis are available upon request.
Lipofectamine 2,000 reagent was purchased from Invitrogen.
DMSO was purchased from Sigma. Leptomycin B (LMB) was purchased from Tocris Bioscience. Cycloheximide (CHX) was purchased from Sigma-Aldrich (C7698).
| Transfection, infection, and LMB treatment
The 293 ) were plated on 6-cm dishes and grown overnight. Cells were then harvested via scraping into 500 μl cell lysis buffer containing 10 mM HEPES (pH 7.4), 10 mM NaCl, 1 mM KH 2 PO 4 , 5 mM NaHCO 3 , 1 mM CaCl 2 , 0.5 mM MgCl 2 , and 5 mM EDTA with Complete protease inhibitor cocktail. Cells were allowed to swell for 5 min, followed by dounce homogenization for 50-time strokes. Then, cells were centrifuged at 7,500 rpm for 5 min, generating a pellet containing nuclei and debris and a supernatant of cytosol and plasma. Pellets were resuspended in 1 ml TSE buffer containing 10 mM Tris (pH 7.5), 300 mM sucrose, 1 mM EDTA, and 0.1% NP40 with complete protease inhibitor cocktail, then pelleted, resuspended, and washed twice.
The final pellets were pure nuclei.
| Luciferase assays
The plasmids for PA, PB1, PB2, and NP (WT or mutants) expression were simultaneously transfected into 293 T cells with a luciferase reporter plasmid (pHH21-cNS-Luc) and pcDNA-β-gal, as described by Li et al. (Li et al., 2009 ) with some modifications. As a negative control, 293 T cells were transfected with the same plasmids, with the exception of the NP expression plasmid. After transfection, the cells were incubated at 37°C for 48 hr, and then the amount of luciferase activity in transfectants was measured and normalized to the amount of β-gal activity as measured by standard kits (Promega, Madison, WI).
The data presented are the averages of three independent experiments ± SD.
| Generation of recombinant influenza A viruses and determination of virus growth kinetics
Recombinant viruses were generated with a reverse genetics system using previously described methods . 
| Plaque assays
Plaque assays were performed as previously described . 
| In vivo infections
The 50% mouse lethal dose (MLD 50 ) of WSN WT and the F253I mutant was measured using groups of four female BALB/c mice (6-8 weeks old). Mice were intranasally inoculated with 50 μl of 100-fold serial dilutions of each indicated influenza virus in PBS under isofluorane sedation, with doses ranging from 10 2 to 10 4 PFU. Survival and body weight changes were recorded daily for 14 d.p.i. Animals that showed signs of severe disease and weight loss >25% of their initial body weight were considered moribund and were humanely sacrificed according to animal ethics guidelines. MLD 50 values were calculated by the Reed and Muench method (Reed & Muench, 1938) and expressed as the PFU value corresponding to 1 MLD 50 .
To evaluate the virulence of WSN and the F253I mutant, mice were inoculated with WSN or mutant virus at a dose of 10 3 PFU. Three mice from each group were euthanized at 1, 3, 5, and 7 d.p.i., and necropsies were performed. The lung index was calculated from 100% × (wet lung weight/body weight), and then lung tissue samples were homogenized in PBS and the supernatants used to determine viral titers. Tissue samples from the lungs and turbinate bone were homogenized in PBS with antibiotics in a homogenizer and used to determine viral titers by plaque assays.
| Computer modeling and statistical analyses
The three-dimensional crystal structural of NP was used to illustrate the location and conformation of residue 253. 
